The natural history of adrenal-regeneration hypertension was studied over a period of 21 weeks. The blood pressure remained elevated in a high percentage of rats with severe adrenal-regeneration hypertensive disease following removal of the regenerated adrenal. Rats with less severe adrenal-regeneration hypertensive disease showed a moderate decline in blood pressure following either removal of the regenerated adrenal or substitution of water for saline drinking solution. A marked fall in blood pressure resulted when the regenerated adrenal was removed and water substituted for saline.
T HE OBSERVATION that hypertension and vascular lesions develop in uninephrectomized, salt-treated rats during regeneration of the adrenal cortex 1 ' 2 has presented an opportunity to study some of the factors concerned in both the pathogenesis and maintenance of a new form of experimental hypertensive disease. The syndrome strongly resembles that produced in the uninephrectomized, salt-treated rat by the administration of various corticosteroids, 3 " 7 is prevented by hypophysectomy 8 and the presence of one intact adrenal 8 both of which procedures inhibit adrenal regneration, and by the administration of adrenal cortical secretory depressants such as testosterone propionate 9 and Amphenone B. 10 It has been suggested that the pathogenesis of this hypertensive disease might involve some functional alteration of the adrenal cortex induced by the enucleation procedure. Experiments to prove or disprove beyond question the validity of this suggestion have not yet been performed.
In the meantime preliminary observations 11 have indicated that the hypertension persists after removal of the regenerated adrenal, thus suggesting two phases in the development of this experimental disease. The present experiments were performed, therefore, to study more completely (1) the natural history of adrenal-regeneration hypertension and (2) some of the factors concerned in the maintenance of the hypertensive state which continues after regeneration of the adrenal cortex is complete. METHODS Experiment 1. One hundred immature, female, Sprague-Dawley rats were uninephrectomized and given 1 per cent sodium chloride solution to drink and Purina Laboratory Chow to eat ad libitum. Group I consisted of 50 rats which served as controls while an equal number of animals with the right adrenal removed and the left adrcnnl enucleated constituted group II. Body weight and systolic blood pressure, the latter by the microphonic manometer method of Friedman and Freed, 12 were determined at the beginning of the experiment and weekly thereafter; saline consumption of each rat was measured daily and subsequently expressed as the average 24 hour intake per rat per week. During the course of the experiment rats of group II died or were killed when death appeared imminent. Since these represented the animals with the most rapidly developing hypertension, control animals with the highest blood pressures were killed at the same time in order that paired comparisons could be made. All animals were autopsied, their organs weighed fresh, fixed in Bouin's solution for 48 hours and histologic slides prepared with hematoxylin and eosin staining. Rats were excluded from morphologic studies if they died and were severely autolyzed when found.
An attempt was made to evaluate the morphologic changes on a semi-quantitative basis by scoring the presence of lesions in the kidney, heart, brain, pancreas and mesentery as detected grossly and microscopically, and by grading the severity of the morphologic changes on a scale of 0 to + + + . The percentage of positive scores in any one group was designated "per cent incidence" and the means of the values obtained by grading were expressed as a percentage of the possible maximum and designated "per cent severity." Experiment 2. One hundr / ed and twenty immature, female, Sprague-Dawley rats were uninephrectomized and . given 1 per cent sodium chloride solution to drink and Purina Laboratory Chow to eat ad libitum. Twenty of these rats acted as controls (group I).while right adrenalectomy and left adrenal-enucleation were performed on the remaining 100 animals (group II). Body weights, blood pressure and sodium chloride intake were measured as in experiment 1. At the end of 7 weeks,-43 rats with the highest blood pressure, many of which showed objective signs of having brain lesions, were arbitrarily selected from group II and completely adrenalectomized. Following removal of the regenerated adrenal, 13 died within the first week and have been considered together as group II A. The organ weights and morphologic changes in these rats thus serve as a point of reference for comparative purposes, but as blood pressures and saline intake were determined weekly no values can be given. Eleven rats died between the second and third week after adrenalectomy and these have been considered together as group II B; blood pressure and saline consumption for this group are available for 2 weeks. The 19 remaining animals were killed after 4 weeks (group II C). Autopsies were performed on all rats and the tissues and organs handled as for the first experiment. Experiment 3. Fifty immature, female, Sprague-Dawley rats were uninephreetomized and given 1 per cent sodium chloride solution to drink and Purina Laboratory Chow to eat ad libitum. Ten of these rats served as controls (group I) and the remaining 40 were subjected to right-sided adrenalectomy and eontralateral adrenal enucleation (group II). At the end of 6 weeks the 40 adrenal-enucleated animals were divided into 4 equal subgroups: group II A received no further treatment, sodium chloride drinking solution was replaced by tap water in group II B, the regenerated adrenal was surgically removed from the animals in group II C, and the rats in group II D were adrenalectomized and placed on tap water. Blood pressure and body weights were determined initially and at weekly intervals for the first 6 weeks of the experiment but for the final 2 weeks both were measured biweekly. Drinking fluid eonsumption was measured daily throughout the experiment and expressed for each group as the 24 hour intake per rat per week. The surviving animals were killed at 8 weeks, autopsied and the organs and tissues handled as described for experiment 1. Figure 1 shows the weekly systolic blood pressures of control and adrenalenucleated rats throughout the experimental period of 21 weeks. The lines represent the mean values for each group. It is noteworthy that the rise in blood pressure in both groups was virtually linear for the first 3 weeks but that the slope of the line was much steeper for the experimental than for the control group, so that as early as 3 weeks the difference between the means was statistically significant. Thereafter the mean blood pressures rose only slightly, although somewhat more in the adrenal-enucleated animals, despite the fact that throughout this period the rats with the most severe hypertensive disease were dying or were killed as they became moribund. In figure 2 the mean 24 hour consumption of 1 per cent sodium chloride expressed as ml./.TOO Gm. body weight is plotted at weekly intervals. The pattern is characteristic of that observed in many of our recent experiments and shows that the intake of the adrenalenucleated rats was less than that of the controls (approximately 20 per cent) for the first week but during the second week this was reversed and remained so for the duration of the experiment.
RESULTS

Experiment 1.
The weights of the heart and kidney expressed as mg./lOO Gm. body weight are plotted against time in figure 3 and the weights of the thymus and adrenal are similarly expressed and plotted in figure 4. It can be seen that significant cardiac and renal enlargement were present in the adrenalenucleated rats irrespective of time. A significant difference between the weight of the regenerated adrenal and the weight of both adrenals in control animals was not consistently apparent, although the regenerated gland tended to be slightly larger in the rats which died or were killed during the early part of the experiment. On the other hand, the thymus was rather uniformly smaller in the adrenal-enucleated rats than in the controls.
In figure 5 the highest systolic blood pressure recorded in each rat during the course of the experiment has been plotted against the weight of the regenerated adrenal for the experimental group and the combined weight of both adrenals for the controls. The difference between the highest systolic blood pressures in the two groups is apparent, but it can also be seen that the range in blood pressure values within each group is large and seemingly unrelated to the size of the adrenal gland.
The highest systolic blood pressure recorded for each rat in both groups is plotted against the highest daily consumption of saline drinking solution in figure 6. The greater average intake of saline by the adrenal-enucleated rats is clearly shown but it should be pointed out that there is considerable overlap between the groups. Furthermore, within each group there appears to be no close correlation between the level of systolic blood pressure and the consumption of sodium chloride drinking solution.
The characteristics of the morphologic lesions occurring in this form of experimental hypertension have been adequately described elsewhere 2 and will not be repeated here. The quantitative evaluation of the morphologic observations in the present experiment is shown in table 1. The control rats with the highest blood pressure were killed early in the course of the experiment and showed minimal lesions, while the greater incidence and severity of all types of lesions in the adrenal-enucleated rats correlates well with the presence of marked hypertension in these animals. A close correlation also was observed between the presence of either cerebral hemorrhage or infarct and the morbidity and death of hypertensive animals. All rats without cerebral lesions were among those killed when the experiment was terminated.
Experiment 2. The pattern of saline consumption of the various groups illustrated iu figure 7 again shows that adrenal-enucleated animals drank less saline than controls during the first week but more than controls thereafter, largely because of the decreased intake of the latter animals. The rats which survived between 2 and 3 weeks after adrenalectomy (group II B) showed a rise in saline consumption during the first week and a drop in intake for the second week, neither of which differed significantly from the pre-operative level. The rats killed 4 weeks after removal of the regenerated adrenal (group II C) showed a progressive and significant fall in saline consumption to a level slightly below that of the controls. Despite the change in saline consumption the average blood pressure in both groups of adrenalectomized, hypertensive rats did not change significantly from the preoperative level ( fig. 8 ) although a slight fall did occur in the animals killed after 4 weeks.
The body and organ weights are shown in table 2. The rats which died during the first week and between the second and third week after adrenalectomy weighed less than either control or group II G rats at the time of operation. The animals in group II B continued to lose weight until they died, while the rats killed 4 weeks after adrenalectomy grew at the same rate as the controls. Gonfirmatory evidence for the existence of hypertension in the rats of groups II A, II B and II C was the significant cardiac hypertrophy shown in the table. The kidneys of the rats dying within 1 week and between 2 and 3 weeks after adrenalectomy were equally enlarged but in those killed after 4 weeks this organ was significantly smaller than in either of the preceding groups, although still significantly larger than in the controls. The adequacy of adrenalectomy in group I I C was shown by the fact that the thymus in these rats was larger than in those adrenalectomized animals dying earlier in the postoperative period. Apparently the slightly more than two week survival of the rats in group II B was insufficient for thymic enlargement to become manifest, for no adrenal tissue was found at autopsy. It is noteworthy, although as yet unexplained, that all rats with adrenal regeneration hypertension showed splenic enlargement.
The incidence and severity of vascular lesions are shown in table 1. It is apparent that all groups of hypertensive rats showed lesions, although both the incidence and severity of these changes were greater in those animals which died within one week and between the second and third week after adrenalectomy than in the rats killed after 4 weeks. This is in agreement with the reasonable expectation that animals with more severe lesions would die sooner than those with less severe lesions. It should be pointed out specifically that renal lesions were slightly less frequent and less severe in the rats killed 4 weeks after adreualectomy than in those surviving only 2 weeks postoperatively, and that the blood pressure of the former rats decreased slightly while in the latter animals a slight increase occurred. A further impression gained from these studies was that periarteritis seemed to increase in severity after removal of the regenerated adrenal as based on the gross evaluation of the lesions at the time of laparotomy for adrenalectomy. Experiment 3. Consumption of drinking fluid is charted in figure 9 , and blood pressure determinations are shown in figure 10 . Both control and adrenal-enucleated rats drank essentially the same amount of saline during the first week, but from the second through the sixth week the rats bearing regenerating adrenals drank more saline than controls, although the difference was not consistently statistically significant. The adrenal-enucleated hypertensive rats receiving no further treatment showed a fall in saline consumption during the last 2 weeks of the experiment to a level below that of controls without significant change in their blood pressure. Substitution of tap water for saline drinking solution resulted in a sharp fall in fluid intake to a level less than half that of the controls for the last week of the experiment, and was accompanied by a slow decrease in systolic blood pressure which was not statistically significant. While the decrease in saline consumption of adrenalectomized rats was identical to that of adrenal-enucleated animals, their systolic blood pressure dropped significantly below the preoperative level. Removal of the regenerated adrenal and substitution of tap water for saline drinking fluid produced a progressive and highly significant decrease in both fluid consumption and systolic blood pressure.
The body and organ weights are shown in table 2. Except for group II D the final body weights were all comparable and it can be seen that the weight loss in this group occurred after the rats were adrenalectomized and given water to drink. Only this group showed a mean cardiac weight which was not significantly above that of the controls, a fact which agrees well with the fall in their blood pressure. The weight of the kidney in groups II B, II C and II D was significantly above the control value and significantly lower than group II A, the lowest value being present in the adrenalectomized rats receiving water to drink. It is interesting to note that the weight of the regenerated adrenal was less in the rats drinking water for the last 2 weeks of the experiment than in those drinking saline. The significantly larger thymus in groups II C and II D may be considered to confirm the completeness of adrenalectomy in these animals. The spleen was smaller in groups II B, II C and 11 D than in group II A although the difference was not significant. *Forty-five rats in eacli group were used for the morphologic study. Table 1 shows that the lesions in group II A were less severe than usually found in rats with adrenal-regeneration hypertension. In groups II B and II C the lesions were still less severe, while in group II D morphologic changes were present only in the kidneys and these were of minimal severity. 114 
SKBLTON
DISCUSSION
Hypertension has been shown to develop during the first 4 weeks after surgical enucleation of the adrenal gland when the cortex is most rapidly regenerating, and once it develops it persists until the animal either becomes moribund or dies. The regenerating adrenal has been shown to be an essential factor for the development of this experimental hypertensive disease 8 but the manner in which it functions is not yet known. Masson, Koritz and Perou 13 have reported that regenerating adrenals secrete less than normal quantities of corticosteroids when incubated in vitro and that adrenal vein blood from animals with regenerated adrenals contains less eortieosteroiie than adrenal vein blood from control animals.
The occurrence of thymic atrophy in the hypertensive rats in the first experiment suggests increased adrenocortical function but it must be remembered that these rats either died or were killed when moribund and the thymic involution may reflect only a state of terminal hyperfunction. Be this as it may, there was no correlation between the highest systolic blood pressure and the weight of the regenerated adrenal, and subsequent experiments have shown that hypertension can exist at a time when the mass of regenerated cortical tissue is less than maximal. The possibility should be entertained, therefore, that the hypertension developing during adrenal regeneration is not mediated directly through the adrenal cortex but rather through some other mechanism which is dependent upon the presence of an adequate degree of adrenal cortical function. This would imply that the role of the regenerating adrenal cortex in the pathogenesis of the hypertension is a "permissive" one in the sense of Ingle. It seems to the author that this possibility is well worthy of further thought and experimentation.
The meaning of the pattern of saline intake observed in adrenal-enucleated rats is not clear but it may be related to the fact that the adrenal cortical insufficiency which immediately follows enucleation progressively decreases as the gland regenerates. Despite the fact that hypertensive rats drank more saline than controls and that substitution of tap water for saline drinking fluid has been shown to prevent the development of adrenal-regeneration hypertension, s no close correlation was apparent between the level of blood pressure attained and the highest daily consumption of saline by the hypertensive rats bearing regenerating adrenals.
Hypertension resulting from unilateral renal artery constriction has been shown by numerous investigators 14 " 17 to persist in the rat after removal of that kidney and has been correlated with the presence of vascular lesions in the residual kidney which were produced, presumably, by the elevated blood pressure. While most investigators have supported the concept that renal artery constriction produces hypertension through the liberation of a pressor substance, Plover 17 ' 18 has contended that such renal damage might cause hypertension by virtue of the failure of this abnormal kidney to inactivate or remove some extrarenal pressor factor from the blood. The problem has been to define the source and nature of this hypothetical factor. In a series of experiments designed to clarify this problem, Floyer demonstrated that adrenalectomy alone in "renal hypertensive" rats led to a fall in blood pressure when 0.1 per cent sodium chloride drinking fluid was substituted for the usual 1 per cent solution. Similar experiments in rats with "renal hypertension" showed that, while hypertension remained fol-lowing removal of all renal tissue, combined bilateral nephrectomy and adrenalectomy completely abolished the hypertension when the rats were given 0.1 per cent sodium chloride solution to drink but not when they were allowed to drink 1 per cent saline. From these studies it was concluded that the mechanism of persistent hypertension in the rat is under the influence of the adrenal and that this extrarenal mechanism is closely linked with the control of salt metabolism.
The results of the second experiment confirm in more definitive fashion the basic observations of a previous report. 11 The hypertensive rats which survived between 2 and 3 weeks after adrenalectomy showed no significant change in either blood pressure or saline consumption and it was these rats which had the most severe vascular lesions in all sites. It is of interest that hypertension persisted in 19 rats for 4 weeks after removal of the regenerated adrenal despite the fact that their vascular lesions were less severe than in rats dying earlier and their saline consumption decreased to a level slightly below that of the control group. These observations are in essential agreement with those of Floyer in rats with renal hypertension 17 and of Friedman and associates, 19 ' 20 Prado 21 and Green et al. 22 in rats with post-DCA hypertension.
In the third experiment either adrenalectomy or substitution of tap water for saline drinking fluid produced a modest fall in blood pressure although this was not reflected by any significant change in cardiac weight. The modest severity of renal vascular lesions may account for the fact that the blood pressure fell slightly in these animals. When adrenalectomy was combined with substitution of tap water for saline drinking solution a prompt fall in blood pressure ensued which was reflected in a significant reduction in cardiac weight. It appears, therefore, that when the regenerated adrenal is present the animal can retain sufficient sodium from the regular laboratory diet to maintain hypertension but in the absence of the adrenal it is necessary to make excess sodium chloride available in drinking fluid, at least when the renal lesions are no more severe than they were in this last experiment. The importance of the renal lesions per se in the maintenance of adrenalregeneration hypertension cannot be adequately evaluated in these experiments. Xeedless to say these aspects of the problem deserve further study. SUMMARY The natural history of adrenal regeneration hypertension was studied over a period of 21 weeks. Forty-eight out of 50 rats bearing regenerating adrenals developed systolic blood pressures over 150 mm. Hg but only 3 control animals showed values above this level. The daily consumption of saline drinking solution was lower in the experimental than in the control rats for the first week after adrenal enucleation but was higher thereafter. No close correlation was apparent between the saline intake, the terminal weight of the regenerated adrenal, or the height of the blood pressure, in the experimental group. Virtually all rats with adrenal regeneration hypertension developed severe vascular lesions. Morbidity and death of hypertensive rats appeared closely associated with premortal signs of brain lesions and the presence of cerebral edema, cystic infarcts or hemorrhage at autopsy.
Hypertension persisted in a high percentage of cases after removal of the regenerated adrenal from rats with severe hypertensive disease. These animals showed widespread severe vascular lesions at postmortem examination. Removal of the regenerated adrenal or substitution of tap water for saline drinking solution in rats with less severe hypertensive disease produced a moderate decrease in blood pressure, and when the regenerated adrenal was removed and tap water substituted for saline the blood pressure rapidly fell to hypotensive levels.
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